Nozzle shape plays a key role in determining the flow pattern in the mold of the continuouscasting process under both steady-state and transient conditions. This work applies computational models and experiments with a one-third scale water model to characterize flow in the nozzle and mold to evaluate well-bottom and mountain-bottom nozzle performance. Velocities predicted with the three-dimensional k-e turbulence model agree with both particle-image velocimetry and impeller measurements in the water model. The steady-state jet velocity and angle leaving the ports is similar for the two nozzle-bottom designs. However, the results show that nozzles with a mountain-shaped bottom are more susceptible to problems from asymmetric flow, low-frequency surface-flow variations, and excessive surface velocities. The same benefits of the well-bottom nozzle are predicted for flow in the steel caster.
I. INTRODUCTION
BOTH the steady-state flow pattern and transient variations in the mold cavity are important to steel quality in continuous casting. Excessive meniscus velocities and surface turbulence lead to inclusion defects due to slag entrainment and level fluctuations in the mold. [1, 2] Insufficient surface flows lead to meniscus freezing and other surface defects. [1, 2] The mold flow pattern should be optimized to achieve a flat surface profile with stable meniscus velocities of the desired magnitude and minimum turbulence.
These important flow parameters are governed by the flow-control system (stopper rod or slide gate), nozzle geometry, Submerged Entry Nozzle (SEN) depth, casting speed, strand cross-sectional dimensions, argon-gas injection rate, slag behavior, and the application of electromagnetics. [1] The most influential and easily changed of these parameters are the nozzle port geometry details (port angle and port area) and the nozzle-bottom shape. In particular, the shape of nozzle bottom has an important influence on flow quality in the mold, including the surface velocity, surface-level profile, and turbulent variations that vary the frequency and magnitude of their fluctuations and asymmetries. This article applies a computational model and water-model experiments to analyze and compare the effect of two popular nozzle-bottom shapes on these flows.
II. PREVIOUS WORK
Owing to the difficulty of plant experiments and the similar kinematic viscosity of water and steel, much previous insight into mold fluid flow has been gained using water models. [1] [2] [3] [4] [5] [6] Although most studies have focused on steady-state flow patterns, a few studies have noted transient phenomena. [3] [4] [5] [6] [7] [8] [9] [10] [11] Honeyands and Herberton [8] observed surface-level fluctuations in a thin-slab water model with a characteristic frequency that increased with casting speed, according to the time period for flow to circulate around the mold cavity. Gupta and Lahiri [5] observed flow asymmetries in the lower recirculation zones that alternated between sides like large-scale vortex shedding. Lawson and Davidson [9] used Laser Doppler Velocimetry (LDV) to measure oscillatory flow in a 0.33-scale thin-slab water model. Low-frequency oscillation modes had the most oscillatory energy, especially below 5 Hz in the jets, and below 0.2 Hz in the mold, overall. This is consistent with findings of Sivaramakrishnan et al. [11] and Assar et al. [3] from velocities measured in a 0.4-scale water model using Particle Image Velocimetry (PIV).
Many previous computational models have been applied to predict fluid flow exiting the nozzle. [12] [13] [14] [15] Many researchers have shown that computational predictions of steady k-e-based Reynolds-averaged Navier-Stokes (RANS) models [12] [13] [14] [16] [17] [18] can reasonably predict the steady flow pattern measured in water models. Such models have been applied to investigate the effect of port angle and port shape on flow pattern and jet characteristics exiting the nozzle port. [12, 15] Bai et al. [13, 14] extended such a model to include multiphase effects and asymmetries from the slide-gate orientation [12] to investigate the effect of gas injection, casting speed, gate opening, bubble size, port angle, and port shape. [13] Nozzle bottom was not found to have much effect on the steady-flow pattern. However, optimizing the steady-flow pattern is not as important as avoiding defects due to turbulent flow effects, such as transient level fluctuations.
Several recent models have been developed to study transient flow phenomena in the mold. Huang and Thomas [17] showed that an unsteady RANS model could simulate flow evolution in a caster and steel-slag interface level fluctuations induced by sudden changes of nozzle-inlet conditions. Others have applied Large Eddy Simulation (LES) [11, [18] [19] [20] [21] and showed it to match the time-average flow pattern measured in both water models [11, [18] [19] [20] [21] and in the steel caster with electromagnetic sensors. [21] Complex time-varying flow structures have been observed in the LES results, [19, 20] even during nominally steady casting conditions. The velocity variations due to turbulence were compared with measurement. In spite of its known importance, few parametric studies have considered transient-flow variations. The effect of nozzle-bottom shape remains unclear and so is the subject of this work.
III. WATER-MODEL EXPERIMENTS
A one-third scale water model was constructed to measure jet and surface velocities using both PIV and impeller-velocity meters. Vertical movement of a centered (aligned) stopper rod controls the flow rate through an annular space of approximately 2-mm minimum thickness. Water flows down the nozzle and into the mold through bifurcated ports angled 25 deg downward. Figure 1 shows the geometry in the front view (right) and side view (left). Water exits the bottom of the water-model mold through 11 outlets each with a 25 mm diameter. From there, water passes through a flow meter to the water-storage bath. Water is then pumped back up to the tundish through a second flow meter, which is used by the stopper rod control system to maintain a constant flow rate. Table I provides  details of the dimensions and casting conditions of the  water model and the corresponding full-scale steel  caster. Figure 2(a) shows the nozzle geometry with the wellshaped bottom. Typically, the ports are oversized with a total port to bore ratio of 2.8. Velocity was measured using PIV just below the ports at the center-line plane of the mold for the well-bottom nozzle. A 2-mm-thick plane was illuminated using laser light, and velocity vectors were computed by digital analysis of snapshots taken 0.6 milliseconds apart. These velocities were measured every 0.14 seconds at each of the 125 9 56 grid points in the 285 mm wide and 130 mm high measurement window and time averaged over 360 seconds.
Velocities were also measured using impeller-velocity probes. Time-varying data was collected at a frequency of 1 Hz. Figure 3 shows the location and orientation of each sensor probe. Each probe is a 35 mm long openended tube (22 mm inner and 28 mm outer diameter) containing a small propeller that rotates in proportion with water speed. Jet velocities were measured by touching the probe to the port bottom and aligning it with the port angle (25 deg down). Surface velocity was recorded 60 mm from each narrow face and 25 mm below the top free surface in the mold for both nozzles. The impeller-velocity probes have a total response time of approximately 10 seconds (i.e., 0.1 Hz), including electrical response time (approximately 0.4 seconds to reach 63 pct of end value) and mechanical response time (for the vanes to respond to increase or decrease in flow). The probes are accurate over the velocity range of 0.02 to 5 m/s. For each case, mean velocities were averaged over 2000 seconds (except 1000 seconds for mountain surface) and corresponding isotropic turbulent kinetic energies were derived using standard rootmean-square, [22] assuming unmeasured components had the same variations. Finally, power spectra were calculated using the Mean Squared Amplitude (MSA) formulation. [19] IV. COMPUTATIONAL MODEL A computational model has been formulated to simulate time-averaged turbulent-fluid flow in the nozzles and molds of well-and mountain-bottom nozzles. The steady-state, three-dimensional, incompressible, Navier-Stokes equations for momentum conservation are solved with the continuity equation, and the standard k and e equations to model turbulence (Launder and Spalding [23] ) are given by Thomas. [24] This approach needs a less-refined mesh and so is faster than the Direct Numerical Simulation (DNS) and LES methods, which are more accurate for transient flow.
The model domain contains only the liquid pool, so naturally it has straight walls for the water model. When modeling the steel caster, the domain has curved walls to match the shape of the solidification front, which was calculated using CON1D. [25] In addition to standard no-slip wall laws used on all solid boundaries, [22] downward velocity at the solidification front was fixed at the casting speed. To account for shell solidification, a source term of mass-sink per unit volume is added to the continuity equation as follows: [26, 27] 
where q is the density of the fluid (kg/m 3 ); V casting is the casting speed; A is the projection area in casting direction; and V is the volume of the sink cells, which are 1-mm thick and extend over the domain-wall boundaries that represent the solidification front. A corresponding sink term for the momentum extracted per unit volume into the shell is added to each of the three (x, y, and z) momentum equations as follows:
These terms were implemented with a User-Defined Function (UDF) C-language subroutine in FLUENT (ANSYS Inc., Lebanon, NH). [28] More details on these sinks terms are given by Creech and Rietow. [26, 27] Assuming symmetrical flow, twofold symmetry of the geometry enables a model of only a quarter of the nozzle and strand to minimize computation. The nozzle and strand are discretized using approximately 19,000 and 0.136 million hexahedral cells, respectively, (Figure 4 ). To better model the flow entering the stopper region, a cylindrical portion of the tundish bottom (with 200-mm diameter and 150-mm height) is created around the top of the SEN. Figure 5 gives close-up views and meshes of the stopper and bottom regions of both nozzles. Average velocity with small values of k and e (10 -5 m 2 /s 2 and 10 -5 m 2 /s 3 , respectively) were fixed at the circumference and top annular regions of the cylinder to match the flow rate for typical casting speed and dimensions (Table I) .
To improve efficiency, nozzle flow is simulated first, using pressure-outlet boundary conditions. The velocities, turbulent kinetic energy, and dissipation rate at the outlet plane from the nozzle ports are then used as boundary conditions for the inlet surface to the strand. Hershey et al. [14] showed that this approach matches well with results of simulations that combine the nozzle and strand together. Convergence is easier because residuals in the important low-velocity regions of the strand are not overly influenced by small errors in the high velocities inside the nozzle. The meshes of the nozzle outlet and the strand inlet were identical with one to one mapping in order to ensure accurate flux balance between the two computational domains.
Free-slip boundaries with zero normal velocity were employed at the top free surface, and level fluctuations were calculated using pressure distribution along the free surface based upon potential-energy conservation. [17, 29] Pressure-outlet boundary conditions were also used at strand exit. In case of reverse flow entering the lower recirculation zone, small values of k and e (10 -5 m 2 /s 2 and 10 -5 m 2 /s 3 , respectively) were set at the strand-domain exit, along with 0 Pa gauge pressure.
The equations for the three momentum components, k, e and Poisson's equation for pressure correction are discretized using the Finite Volume Method (FVM) in FLUENT [28] with the first-order up-winding scheme for convection terms. These discretized equations are then solved for velocity and pressure using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), starting with initial conditions of zero velocity. [29] Standard wall laws were used as boundary conditions. [30] Finally, k and e equations are solved. The turbulent-viscosity field is obtained from k and e and added to the molecular viscosity to obtain effective viscosity for the next step update. The segregated solver in FLUENT was used to solve all equations. In all Figure 6(c) ), the maximum velocity is 1.09 m/s, and the jet is thinner, bending upward slightly. The jet shape matches most closely with the PIV measurements. With first-order upwinding ( Figure 6(d) ), numerical diffusion makes the jet thicker and more stable, and the maximum speed decreases to 1.02 m/s. These results match closer to the measured jet velocity and with the shape of the flow pattern deeper in the caster. Moreover, the secondorder scheme is less stable and did not converge for the mountain-bottom nozzle. Thus, the first-order scheme was used in further simulations.
A comparison of impeller measurements of velocity and turbulence with computational-model predictions is summarized in Table II . The velocity predictions agree with the time average of the measurements about as well as the measurements on the right and left sides agree with each other. Moreover, the trends are consistent. The well-bottom nozzle velocity measurements show little variation between sides and agree with the predictions within 1 pct. The mountain-bottom nozzle exhibits significant asymmetry between left and right, indicating that the time-averaging period was too short for this nozzle. The predictions agree within these variations. For example, surface velocity averaged over the last 500 seconds is 0.180 m/s, which matches exactly with the prediction.
Agreement with the turbulent kinetic-energy measurements is not quite as good. The measured turbulence of the jet exiting the ports is one to two orders of magnitude smaller than at the surface. This is contrary to expectations that the jet should be more turbulent, as predicted with the computational model. This is believed to be due to the known inability of the impeller probe to respond to the high-frequency fluctuations that dominate the jet turbulence, due to the inertia of the impeller. In addition, the fixed orientation of the probe is unable to measure nonaxial fluctuations, which were observed to be significant in this region. Agreement is much better at the top surface, which has lower-frequency fluctuations. Measurements and predictions agree reasonably for the mountain-bottom nozzle and are in the same range for the well-bottom nozzle. Moreover, the trends agree. Thus, the model predictions and measurements are used together to understand flow in the remainder of this work. Table III quantifies the jet characteristics [12] for both nozzles. The jet in the well-bottom nozzle is more diffusive and thicker with a smaller backflow zone (27 pct vs 30 pct in mountain bottom). In the mountain-bottom nozzle, flow goes straight along the side of the mountain with a high velocity, producing a thinner and less diffusive jet with smaller horizontal spread and vertical jet angles (Table IV) . Figure 9 compares velocity contours and vectors at port exit. Secondary flows from the mountain-bottom nozzle are weaker as flow is directed more toward the narrow face. Figure 10 gives velocity contours and vectors on lines angled 25 deg from the port bottom in the mold region close to SEN. The maximum velocity is close to the port bottom in both ports with a steeper, thicker jet ( Figure 7 and Table III) Figure 11 presents the mold flow patterns at the midplane between wide faces for both nozzles. The higher dissipation rate leaving the port of the wellbottom nozzle causes the jet turbulent kinetic energy to decrease more as it moves through the mold. This thicker and more diffusive jet thus loses its momentum faster as it splits into upper and lower recirculation zones with weaker flow along the narrow face. Maximum velocity is found near the bottom of port exit and is 1.23 m/s with the well-bottom nozzle. With the mountain-bottom nozzle, the jet is faster (1.31 m/s), which leads to higher surface velocity. The latter jet also bends upward more as it crosses the mold, further contributing toward the higher surface velocity. Also, the lower recirculation zone is predicted to break up into more complex flow structures. Figure 12 gives the vertical speed along the midplane vertical line at 10 mm from the narrow face. The mountain-bottom nozzle has faster flow in the upper recirculation zone. The jet impinges the narrow face at 180 mm below the top free surface with both nozzles. The free surface level for both nozzles is given in Figure 13 at the midplane between the wide faces. The surface is raised near the narrow face and SEN, as common with a double-roll flow pattern. The mountain-bottom nozzle gives approximately 2.5 times higher surface waves, owing to its approximately 1.5 times higher horizontal surface velocity (Figure 14(a) ). This higher surface velocity agrees with the measurements (Figure 16 ) and is due to the stronger flow up the narrow face.
VI. COMPUTATIONAL RESULTS

A. Nozzle Flow
B. Mold Flow Pattern
The turbulent kinetic energies predicted for the two nozzles at the free surface are given in Figure 14(b) . The mountain-bottom nozzle gives approximately 5 times higher turbulent kinetic energy compared to the well bottom. This is due to the low frequency and highmagnitude fluctuations in the surface velocity for this nozzle. 
VII. WATER MODEL RESULTS
A. Jet Velocity Figure 15 shows the jet velocities measured on the left and right sides with the impeller probe. Time-averaged jet velocities with the well-bottom nozzle are approximately 0.686 m/s and are quite symmetric, with the left and right sides matching within approximately 0.3 pct over 2000 seconds. In the mountain-bottom nozzle, the corresponding jet velocities average 0.950 m/s, which is significantly higher. They are also less symmetric, with approximately 1.4 pct higher velocity on the left side, which indicates stronger, lower-frequency variations. Figure 16 shows the measured histories of the horizontal velocities near the surface on the left and right side of the mold for both nozzles, along with the their time-averaged values. For the well-bottom nozzle, timeaveraged horizontal-surface velocities are approximately 0.109 m/s, with the right side 11.6 pct higher than the left. The mountain-bottom nozzle has more than 50 pct higher average surface velocities, 0.157 m/s, due to the higher jet velocity. Its asymmetry is also higher, with 12.1 pct higher velocity on the right side. Relative to the jet, these surface flow results show that asymmetry increases as the flow travels through the mold. Furthermore, the mountain-bottom nozzle is more susceptible to asymmetric flow. of the energy is found in low frequencies. The general drop in energy observed with increasing frequency matches previous work. [10, 15] An exception is the small peak found at approximately 0.07 Hz (approximately 14 seconds). The same frequencies dominate in the jet and surface for both nozzles. Energy in the jet is higher in the well-bottom nozzle, especially at frequencies above 0.01 Hz. This is due to strong recirculation observed in the bottom of the nozzle (Figure 8 ). The mountain nozzle deflects the jet smoothly toward the ports, slicing through the flow, similar to a knife-edge. This allows the jets to retain more of their momentum but with less turbulence. This causes the trend in energy spectrum at the surface to reverse. The mountainbottom nozzle experiences much greater surface-velocity fluctuations. Figure 18 shows the increase to be more than an order of magnitude at frequencies ranging from 0.002 to 0.035 Hz, which corresponds with time periods of 33 to 500 seconds. This finding is also shown in Figure 16 . The well-bottom nozzle has energy distributed over a wider frequency range in both jet and surface velocities. Table I . Figure 20 gives the shell-thickness profiles down the wide and narrow faces calculated using CON1D. [25] Figure 21 presents the velocity contours and streamlines at the midplane between wide faces in the steel caster with the solidifying shell. The casting speed for the full-scale caster matches the Froude number of 0.005 of the water model. The flow pattern is generally similar to the water model. Comparison of horizontal-surface velocity between water model (after converting to full scale) and the steel caster is given in Figure 22 . The horizontal axis is non-dimensionalized to compare both water model and caster. The vertical axis is simply the horizontal velocity for the steel caster. Horizontal velocity for the water model was multiplied by 1.732 (the square root of the length scale of 3), according to the Froude criterion. The horizontal velocity in the water model falls in between the caster velocities with and without the solidifying shell. Note that flow in the water model is in the transition regime (Re = 2200 based on strand-hydraulic diameter), while the steel caster is fully turbulent (Re = 13,500). The watermodel velocities would match the caster without the shell if it was fully turbulent. The maximum surface velocity predicted in the real full-scale steel caster with the well-bottom nozzle is approximately 0.3 m/s, which is in the safe operating window of 0.2 to 0.4 m/s. [2] Maximum surface velocity with the mountain-bottom nozzle is predicted to be approximately 0.5 m/s, which is above the upper limit suggested by Kubota [2] to avoid flow problems, such as slag entrainment. Thus, the well-bottom nozzle is preferred over the mountain-bottom nozzle for this steel caster and conditions. If casting conditions produced very small surface velocities, then the mountain-bottom nozzle might appear to be better. However, the results of this work suggest that changing the flow pattern in some other way and using the well-bottom nozzle is the best solution.
B. Surface Velocity
The free surface-level profile comparison between water model and steel caster is given in Figure 23 . The free surface level without shell and air above matches most closely with the water model, as expected, although the water model underpredicts by a factor of 2.3. Introducing the shell and adding slag both increase the profile variations. Thus, the water model underpredicts surface-level variations in the caster using Froude scaling. conclusions have been drawn and are also summarized in Table IV. 1. The jet from the well-bottom nozzle is thicker, steeper-downward, and more diffusive, with higher turbulent kinetic energy and dissipation rate, relative to the mountain-bottom nozzle jet. 2. The mountain-bottom nozzle produces a thinner jet with stronger, lower-frequency fluctuations, making it more asymmetrical in short-term time averages. 3. Velocity fluctuations decrease in frequency from the jet leaving the ports to the surface in both nozzles. 4. The mountain-bottom nozzle produces approximately 50 pct higher surface velocity in the mold.
IX. SUMMARY
The mountain-bottom nozzle causes surface-velocity
fluctuations with almost 96 pct of total measured energy at lower frequencies (33-to 500-second time periods). 6. The higher velocity and turbulence at the surface causes higher variation in surface-level profile, more level fluctuations, and easier slag entrainment with the mountain-bottom nozzle. 7. Full-scale steel casters have a proportionally higher speed, including higher surface velocities and level fluctuations, which are reasonably characterized by Froude similarity. The preceding water-model findings are predicted to hold in the steel caster as well. 8. With less surface fluctuations, the well-bottom nozzle is recommended over the mountain-bottom shape for steel quality. 
